In cardiac muscle and amphibian skeletal muscle, the intracellular Ca 2+ release that signals contractile activation proceeds by discrete local packets, which result in Ca 2+ sparks. The remarkably stereotyped duration of these release events requires a robustly timed termination mechanism. In cardiac muscle the mechanism of spark termination appears to crucially involve depletion of Ca 2+ in the lumen of the sarcoplasmic reticulum (SR), but in skeletal muscle, the mechanism is unknown. We used SEER (shifted excitation and emission ratioing of fl uorescence) of SR-trapped mag-indo-1 and confocal imaging of fl uorescence of cytosolic rhod-2 to image Ca 2+ sparks while reversibly changing and measuring [Ca 2+ ] in the SR ([Ca 2+ ] SR ) of membrane-permeabilized frog skeletal muscle cells. Sparks were collected in cells immersed in a solution promoting production of events at moderate frequency. Just after permeabilization, event frequency was zero, and in 10 minutes it reached close to a steady value. Controlled interventions modifi ed [Ca 2+ ] SR reversibly between a low value (299 μM on average in 10 experiments) and a high value (433 μM, a 45% average increase). This change increased sparks frequency by 93%, spatial width by 7%, rise time by 10%, and peak amplitude by 38% (provided that it was calculated in absolute terms, rather than normalized by resting fl uorescence). The changes in event frequency and amplitude were statistically signifi cant. The "strength" of the effect of [Ca 2+ ] SR on frequency, quantifi ed by decomposition of variance, was <6%. While the average change in [Ca 2+ ] SR was limited, it reached up to 200% in individual fi bers, without causing massive Ca 2+ release or an increase of >3.5-fold in event frequency. Taken together with existing evidence that depletion is modest during Ca 2+ sparks or release elicited by an action potential, the mild effects of [Ca 2+ ] SR reported here do not support a major role of depletion in either the termination of sparks or the strong inactivation that terminates Ca 2+ release at the global level in frog skeletal muscle.
In cardiac muscle and amphibian skeletal muscle, the intracellular Ca 2+ release that signals contractile activation proceeds by discrete local packets, which result in Ca 2+ sparks. The remarkably stereotyped duration of these release events requires a robustly timed termination mechanism. In cardiac muscle the mechanism of spark termination appears to crucially involve depletion of Ca 2+ in the lumen of the sarcoplasmic reticulum (SR), but in skeletal muscle, the mechanism is unknown. We used SEER (shifted excitation and emission ratioing of fl uorescence) of SR-trapped mag-indo-1 and confocal imaging of fl uorescence of cytosolic rhod-2 to image Ca 2+ sparks while reversibly changing and measuring [Ca 2+ ] in the SR ([Ca 2+ ] SR ) of membrane-permeabilized frog skeletal muscle cells. Sparks were collected in cells immersed in a solution promoting production of events at moderate frequency. Just after permeabilization, event frequency was zero, and in 10 minutes it reached close to a steady value. Controlled interventions modifi ed [Ca 2+ ] SR reversibly between a low value (299 μM on average in 10 experiments) and a high value (433 μM, a 45% average increase). This change increased sparks frequency by 93%, spatial width by 7%, rise time by 10%, and peak amplitude by 38% (provided that it was calculated in absolute terms, rather than normalized by resting fl uorescence). The changes in event frequency and amplitude were statistically signifi cant. The "strength" of the effect of [Ca 2+ ] SR on frequency, quantifi ed by decomposition of variance, was <6%. While the average change in [Ca 2+ ] SR was limited, it reached up to 200% in individual fi bers, without causing massive Ca 2+ release or an increase of >3.5-fold in event frequency. Taken together with existing evidence that depletion is modest during Ca 2+ sparks or release elicited by an action potential, the mild effects of [Ca 2+ ] SR reported here do not support a major role of depletion in either the termination of sparks or the strong inactivation that terminates Ca 2+ release at the global level in frog skeletal muscle.
I N T R O D U C T I O N
The rapid Ca 2+ signal that controls the contraction of fast twitch skeletal muscle must fi rst increase cytosolic [Ca 2+ ] ([Ca 2+ ] cyto ) suffi ciently rapidly to saturate the contractile fi lament protein troponin C, and then restore essentially Ca 2+ -free conditions, all in as little as 3 ms in some muscles (Rome, 2006) . To achieve these rapid Ca 2+ transients, multiple mechanisms ensure that a large fraction of the Ca 2+ release channels of the sarcoplasmic reticulum (SR) open in less than a millisecond, while other mechanisms ensure their equally rapid closure. A feature of the intracellular release channels (ryanodine receptors [RyRs] ) that is central to their control is their ability to be gated by the permeant ion. This mechanism of opening has been called Ca 2+ -induced Ca 2+ release, or CICR (Endo et al., 1970) . CICR is mediated by a cytosol-facing site on the channel, at which Ca 2+ binding, with half saturation in the low μM, opens the channel.
Solid evidence for a second activating mechanism, involving a site or "sensor" facing the SR lumen, has emerged in the heart (for review see Györke et al., 2002) . This site may be located on the protein calsequestrin (CSQ; Györke et al., 2004) . The increase in frequency of local Ca 2+ release events (Ca 2+ sparks) and cardiac cell-and tissue-wide Ca 2+ waves observed upon Ca 2+ store overload (Shannon et al., 2000) are attributed to activation of this controlling site.
The evidence for an intra-store activating site in skeletal muscle is less conclusive. Tripathy and Meissner (1996) emphasized the diffi culty of separating direct effects from indirect cytosolic actions of lumenal Ca 2+ in bilayer studies. Others suggest that CSQ may function as a lumenal calcium sensor (Beard et al., 2005) , although the physiological importance of this role has not been established. Cellular studies show dual effects. In experiments that derived SR Ca 2+ content from integral measures of Ca 2+ release it was concluded that substantial depletion of the store determines an increase in the Ca 2+ release permeability elicited by membrane depolarization (Pape and Carrier, 1998;  Correspondence to Eduardo Rios: erios@rush.edu Abbreviations used in this paper: CICR, Ca 2+ -induced Ca 2+ release; FWHM, full width at half magnitude; RyR, ryanodine receptor; SEER, shifted excitation and emission ratioing of fl uorescence; SR, sarcoplasmic reticulum. Pizarro and Ríos, 2004) . The results are consistent with the observation of a constant amount of Ca 2+ released by an action potential at different total SR content in rat EDL and toad iliofi bularis (Posterino and Lamb, 2003) . This effect is opposite to the load-induced release observed in cardiac muscle.
On the other hand, there are reports of a loadinduced increase of release in skeletal muscle. Lamb et al. (2001) showed that sensitivity to caffeine is strongly dependent on SR load in rat EDL. Zhou et al. (2004) found that the photolytic uncaging of Ca 2+ in the cytosol of both amphibian and mammalian muscle was followed after a variable lag by an increase in spark frequency and occasionally massive release. They attributed the greater release to a dependence of channel activity on SR load that presumably also explains the enhanced sensitivity to caffeine. However, no potentiation of voltage-induced release by load was found, consistent with the conclusion that caffeine and depolarization favor channel opening through different pathways (Lamb et al., 2001) . In this view, caffeine facilitates CICR, a mechanism intrinsically sensitive to load and manifested through sparks at the local level, while depolarization-operated release exhibits the opposite relationship with SR load.
In this study we used SEER (shifted excitation and emission ratioing of fl uorescence; Launikonis et al., 2005) to image simultaneously intra-SR and cytosolic [Ca 2+ ] in amphibian muscle. Thus we could collect sparks and compare their frequency and properties at various, measured [Ca 2+ ] SR . Knowing the steady relationship between [Ca 2+ ] SR and spark activity, we were able to make inferences regarding putative roles of Ca 2+ depletion in the control of Ca 2+ release, and more specifi cally in the termination of Ca 2+ sparks.
M AT E R I A L S A N D M E T H O D S
Imaging was performed on single semitendinosus muscle fi bers of Rana pipiens. Frogs were killed by decapitation under anesthesia, a procedure approved by the IACUC of Rush University. Muscles were incubated for 120 min at 18°C in Ringer solution with 10 μM mag-indo-1 AM. Fiber segments were mounted stretched under pins and membrane permeabilized with 0.002% saponin as previously described (Launikonis et al., 2005) . Experiments were performed at 20-22°C.
Solutions
Ringer solution contained (in mM) NaCl (115), KCl (2.5), CaCl 2 (2.5), and tris-maleate (10), with pH adjusted to 7.4 with NaOH. A 0 Ca, 0 ATP, "relaxing" solution was used (with the addition of saponin) for permeabilizing the surface membrane and was also used to decrease [Ca 2+ ] SR via leak through the SR Ca 2+ pump (Launikonis et al., 2005) ; it contained (in mM) K Glutamate (120), EGTA (1), MgCl 2 (2), NaCl (5), tris maleate (5), and 4% dextran, with pH adjusted to 7.1 with KOH. The reference internal solution contained K Glutamate (70.6), Na 2 ATP (5), Na 2 creatine phosphate (10.29), EGTA (1), glucose (5), HEPES (10), dextran (8%), BTS (n-benzyl-p-toluene sulphonamide, 50 μM; Sigma-Aldrich), rhod-2 (100 μM), CaCl 2 (0.186), and MgCl 2 (4.96) for nominal [Ca 2+ ] of 100 nM and [Mg 2+ ] of 0.4 mM. [CaCl 2 ] was varied to achieve [Ca 2+ ] of 100, 400, or 800 nM. pH was adjusted to 7.1. The osmolality of all solutions was 260 ± 10 mosmol kg −1 .
Microscopy and Image Processing SEER imaging was performed as previously described (Launikonis et al., 2005) using an AOBS confocal system (TCS SP2; Leica Microsystems). Line scan (x-t) images were acquired at 1.25 ms/line and 0.138 μm/pixel. x-y scans were acquired at the same rate and 0.23 μm/pixel. Monitoring of [Ca 2+ ]SR required two interleaved images, F 1 (x, y) and F 2 (x, y) of mag-indo-1 trapped in organelles (largely SR), while [Ca 2+ ]cyto was monitored by F 3 (x, y) or F 3 (x, t) of fl uorescence of cytosolic rhod-2, with excitation lines and emission bands described by Launikonis et al. (2005) . SEER ratio images R(x, y) = F 1 (x, y)/F 2 (x, y) were used to derive [Ca 2+ ] according to Eq. 1 in Launikonis et al. (2005) .
Improved Detection of Sparks
In either x-t or x-y scans, sparks were identifi ed automatically by a detection program. The detector, evolved from earlier versions (Cheng et al., 1999; González et al., 2000) , was improved to deal with a wide range of event frequencies and to carry out the automatic calculation of "absolute spark amplitude," defi ned as increase in fl uorescence, ∆F, rather than the usual ∆F/F 0 . (For simplicity, we write F instead of F 3 in this section.)
The work of the detector is illustrated in Fig. 1 . Panel A shows a raw x-t image. A fi rst analysis removed areas of this image above a low threshold ("sparky" areas) to obtain the "resting" image F 0 (x, t), which is not defi ned in sparky areas. The average of F 0 over x was a function F 0 (t) that decayed slowly and exponentially as a result of bleaching. An image corrected for bleaching, F B (x, t), was then generated, dividing F(x, t) by a normalized F 0 (t) (i.e., F 0 (t)/mean(F 0 (t))). A resting fl uorescence F 0 (x) was obtained, eliminating the sparky areas from F B (x, t) and averaging the result over t. Finally F/F 0 (x, t), a normalized image corrected for bleaching, was generated as the ratio of F B (x, t) and F 0 (x).
The detection of events was performed on a band-pass fi ltered version of F/F 0 (x, t). Improved detection was achieved by addition of criteria of exclusion to the detector. As in our original version (Cheng et al. 1999) , the detector started by (1) locating all areas of the corrected image that were above a low intensity threshold (T l ), and then validating these areas individually by eliminating all those that (2) did not rise above a high threshold (T h ). The new version added fi ve other criteria, excluding detected areas that (3) were <3.75 ms in duration, (4) were <0.4 μm in (maximum) width, (5) had an area of <15 pixels, (6) had a "signal," i.e., the integral of F/F 0 -1 over its area that did not reach a minimum (T s ), or (7) had a signal density, ratio of signal over area, that did not reach a minimum (T ds ). The values of the seven criteria defi ned above were set empirically through extensive trial and error, seeking to minimize the number of undetected events that the eye judged to be valid, and the number of detections that appeared to be invalid. While this setting of criteria was dependent on the judgment of one observer, and of course not unique or even optimal, the values chosen were then used consistently, for every image of every experiment. Fig. 1 C shows the regions above T l in the events that passed validation. The program completes its task by determining the "morphometric" spark parameters on each of these events. Parameters include amplitude (maximum of F/F 0 − 1), full width at half magnitude (FWHM, the spatial extent at the time of the peak where F/F 0 was greater than 1 + 0.5 × amplitude) and rise time (time lapse of rise between 10% and peak, measured on a three-pixel central average of F/F 0 ).
An Additional Spark Parameter, Absolute Amplitude
Unexpected features of the conventional spark amplitude, which is determined on F/F 0 , led us to defi ne and determine a spark amplitude in absolute terms, that is, without normalization, to avoid uncontrolled variations of F 0 . Absolute amplitude is defi ned as the peak value of ∆F (or F − F 0 ). Fluorescence intensity is approximately proportional to the local concentration of Ca 2+ -bound dye, which in these experiments is a measure of [Ca 2+ ] because dye concentration was kept constant. The proportionality constant depends on fi ve scanner parameters: exciting light intensity, photomultiplier voltage, scanning rate, pixel distance (or "zoom"), and confocal aperture diameter ("pinhole size"). Of the above parameters, only exciting light and pinhole size varied among experiments. The program used their recorded values, together with empirical functions, to correct the fl uorescence intensity to a standard scanner setting.
The Calculation of Event Frequency
Event frequency f was calculated in every image by dividing number of events by extent of the image within the fi ber (in 100-μm units) and elapsed time (which was 0.64 s in line scans and three times greater in x-y images, due to triple interleaving). f was calculated by the same formula in line scans or x-y images. In both types of images, time progresses linearly along the y axis; in both, f is equal to number of events divided by scanned length (i.e., the extent of the x axis inside the fi ber) and by the time elapsed while the image is obtained. Because there is no a priori information on location of sources, the probability of sparks must be assumed to be the same in any volume element within the cell; hence, it should not matter for the resulting frequency whether scanning is in x and y (i.e., new volumes are scanned), or is repeated along the same line at constant y (and the same volume elements are sampled repeatedly). One trivial adjustment was made for the calculation of f in x-y scans: if fi ber width varied with y, then the average width was used as divisor.
Data Groups and Statistics F 3 (x, t) images suitable for evaluation of sparks were acquired in groups of 50 (named "series"), which were bracketed by measurements of [Ca 2+ ] SR . Hence each series has a defi ned [Ca 2+ ] SR (the average of its bracketing values), an event frequency and an average value of each morphometric parameter. At least three series were recorded in each of 16 experiments with changes in [Ca 2+ ] SR . 60 series were left after discarding those obtained at times earlier than 10 min after permeabilization and those where f was too low for reliable parameter estimation (less than 1 [100 μm] −1 s −1 ). They include a total of 16,415 events. To a large extent, the evaluation of properties of sparks was based on these series-averaged parameters. Other analyses were based on averages by individual cell, or averages and correlations over all events.
Signifi cance of paired differences was assessed by Student's two-tailed t test. Signifi cance of correlations was established by tests on the sample coeffi cient of determination r 2 based on the distribution of Pearson's correlation coeffi cient r or its logarithmic transform z (e.g., Cramér, 1946) .
R E S U LT S
Several studies (e.g., Klein et al., 1996; Zhou et al., 2004) Fig. 2 . The single fi ber, dissected from a muscle preloaded in Figure 1 . Performance of the automatic detector. The panels illustrate three stages of detection: A, the raw image, with several features that may cause detection problems, including high frequency of relatively small events, one large steady inhomogeneity, and noise; B, the bleaching-corrected, normalized, band pass-fi ltered image, which is subjected to the detection algorithm; C, normalized image, with red areas marking the suprathreshold "footprints" of events that passed all validation criteria described in the text. Spatial "margins" where fi ltering is imperfect due to edge effects are omitted in the fi nal detection analysis. Identifi er 061004a, image 125 ([Ca 2+ ] SR was 0.7 mM).
mag-indo-1 AM, was mounted for imaging and permeabilized in relaxing solution containing rhod-2. The cytosolic solution was then changed while images of SEER ratio (monitoring [Ca 2+ ] SR ) and rhod-2 fl uorescence (for [Ca 2+ ] cyto ) were acquired. Representative ratio images are in Fig. 2 (A-F) . In the timeline in panel G, the applied [Ca 2+ ] in the cytosolic solutions is plotted schematically at top and times of images A-F are indicated as a-f. Sojourns in either high or very low [Ca 2+ ] cyto (<10 nM, in solutions without ATP) were bracketed with intervals in physiological [Ca 2+ ] cyto (100 nM), during which one to three series of 50 line scan images of fl uorescence of rhod-2 were collected. The gray vertical bars in Fig. 2 G represent as diary plot the event frequency f measured in every image. The black symbols represent the cell-averaged SEER ratio, R. In this and other graphs we preserve the "raw" measurement R, and on an additional axis present corresponding values of [Ca 2+ ] SR , derived using Eq. 1 and parameter values of Launikonis et al. (2005) . Within the range of values attained in the present experiments, [Ca 2+ ] SR is approximately proportional to R − 0.4.
Several features of the evolution of R that are evident in the example are representative of most cells treated this way. The initial value upon membrane permeabilization (derived from Fig. 2 A) (Fig. 2 , B and C); the increase was enhanced by exposure to higher [Ca 2+ ] cyto (D), and was largely irreversible upon returning to reference solution. To reduce [Ca 2+ ] SR , the cell had to be placed in a nominally Ca 2+ -free solution ( Fig. 2 E was obtained afterwards) . Sparks could thus be collected in 100 nM [Ca 2+ ] cyto , at [Ca 2+ ] SR values ranging from <100 nM to ‫2.1ف‬ mM.
Spark Frequency Increased after Membrane Permeabilization
The experiment of Fig. 2 Isaeva and Shirokova (2003) fi rst reported to affect f, namely the time elapsed after membrane permeabilization.
The importance of elapsed time is illustrated in Fig. 3 , which summarizes data from 19 experiments as 3-D plots of f vs. time elapsed after membrane permeabilization, and vs. measured R. [Ca 2+ ] cyto was 100 nM in every case. Values of f and R were calculated in triple interleaved x-y scans as described in Materials and Methods. Regardless of the measured R, events were not detected for 2 or 3 min after permeabilization, and then their frequency increased, tending to stabilize by 6-10 min. Because all fi bers start with low [Ca 2+ ] SR after saponin treatment, the rapid increase in f could be due in part to the increase in [Ca 2+ ] SR that occurs in virtually every fi ber. However, no sparks were observed even in the occasional fi bers that started with elevated [Ca 2+ ] SR ; therefore, an additional mechanism must be at work. A similar phenomenon occurs in mammalian muscle, in which the increase is attributed to an excess of reactive oxygen species (Isaeva and Shirokova, 2003; Isaeva et al., 2005) .
Looking for an end point in this spontaneous evolution of spark frequency, we recorded in seven fi bers events and [Ca 2+ ] SR , without modifying conditions for >20 min. The results are summarized in Table I , which lists f and R at 10 and 20 min. Between 10 and 20 min, R changed by 0.06 (P > 0.1, n = 7) corresponding to a change in [Ca 2+ ] SR of ‫.%5ف‬ f increased by ‫%02ف‬ in the same interval (P < 0.05). Spark "morphologic" parameters (amplitude, FWHM, and rise time) did not change signifi cantly. In conclusion, spark frequency increased dramatically during the fi rst few minutes after membrane permeabilization. This increase, which may be unrelated to the concomitant growth in [Ca 2+ ] SR , tended to stabilize with time. Between 10 and 20 min it amounted to ‫%01ف‬ of the value of f at 10 min, as justifi ed below. This spontaneous baseline change must be taken into account before ascribing further changes to additional factors.
Given this result, our standard procedure was to wait for 10 min in reference solution after permeabilization, acquire a reference set of line scans for evaluation of sparks, and then proceed to solution changes designed to increase and later decrease [Ca 2+ Fig. 2 G represent averages of f in each series. In Fig. 2 H , f plotted vs. R reveals a positive correlation, which was Table II lists the averaged fi ber-paired differences and their SEMs. The changes in R and f associated with the interventions were signifi cant in two-tailed t tests (P < 0.05). The average results in Table II yield a rough measure of the magnitude of the effect (others are given in Discussion). A 45% increase in [Ca 2+ ] SR from 299 to 433 μM was accompanied by a 93% increase in f. By linear interpolation, the 5% increase in [Ca 2+ ] SR that occurred between 10 and 20 min in cells left in reference solution would increase f by ‫.%01ف‬ Hence our estimate that the spontaneous increase in f during this time that is not attributable to the change in [Ca 2+ ] SR was of the order of 10%.
Part of the reason that changes in R were limited and those in f were only moderately signifi cant was the inclusion of two cells (of 16) in which exposure to a high [Ca 2+ ] cyto led to a sudden decrease in [Ca 2+ ] SR and three others in which the increase in [Ca 2+ ] SR was associated with a reduction or no change in f. The observations were in line with a previous report that high [Ca 2+ ] cyto applied early in an experiment increased f, but caused the opposite effect after passages through solutions of intermediate [Ca 2+ ] (Zhou et al., 2004) . Possible implications of this hysteretic effect will be discussed later.
At the other end of the range, in one experiment the exposure to high [Ca 2+ ] cyto resulted in a threefold increase in [Ca 2+ ] SR (to 0.8 mM) with a 3.5-fold increase in f (to 25 [100 μm] −1 s −1 ). Even though f values up to 35 (100 μm) −1 s −1 were observed and many sparks were clearly propagating in space, there was never a progression to uncontrolled Ca 2+ release or cell-wide waves.
Spark Morphology Was Modifi ed Slightly by Changes in [Ca 2+ ] SR
The approach to examine changes in spark morphologic parameters was similar to the analysis of changes A "low Ca" and a "high Ca" value of the parameters listed were calculated for each fi ber as described in the text. Column 4 (∆) lists averages of fi berpaired differences, and their standard errors. n is number of experiments. Three fi bers where f was very low (<1.0) were not included in the calculation of morphologic parameter averages. a Signifi cant difference.
in f. In Fig. 4 (B-D) , mean values are plotted vs. average R. R values are the same in all graphs. While spatial width (Fig. 4 B) and rise time (C) correlated positively with R, spark amplitude did not. The paired statistical analysis in Table II establishes that the increase in [Ca 2+ ] SR was accompanied by small and barely signifi cant increases in spatial width (6%) and rise time (11%, P < 0.1) and a negligible change in amplitude. A complementary view of the effect of [Ca 2+ ] SR on spark morphology is presented in Fig. 5 , comparing the histograms of amplitude (Fig. 5 A) , rise time (B), and spatial width (C) in all sparks in high [Ca 2+ ] SR (black bars) with those in low Ca 2+ (gray). In both conditions, the distribution of amplitudes was basically a monotonic decay (except at the lowest amplitudes where probability density increases with amplitude, due to missed events). This well known tendency, which refl ects the sharp offfocus decay of measured fl uorescence intensity (Cheng et al., 1999; Ríos et al., 2001) , was of course indifferent to changes in [Ca 2+ ] SR . The histogram of rise times was monotonically decaying as well, but for the hint of a mode near 4 ms (arrow). This mode was described before (Ríos et al., 2001 ) and assigned to nonequilibrium interactions among channels, mediated by the increase in [Ca 2+ ] near the cytosolic face of open RyRs. The effects of changes in [Ca 2+ ] SR on either rise time or spatial width histograms were minor, consistent with the small value of the paired differences listed in Table II. An increased spark rise time at high [Ca 2+ ] SR reveals a slight increase in underlying release current duration. This change and the greater driving force should have resulted in increased spark amplitude. Seeking to explain the absence of the expected increase we noticed that the resting fl uorescence F 0 , which enters the calculation of spark amplitude as a normalization factor, often increased at high [Ca 2+ ] SR , a change that could be nearly twofold when the increases in f were major. The association with f suggests that the increase in F 0 may have resulted from imperfect elimination of "sparky" areas in images of high f; it could also be the consequence of steady activation of channels, which resulted in actual increase in resting [Ca 2+ ] cyto , or it could refl ect contributions from undetected, out of focus sparks. In an alternative study, the peak change in fl uorescence was determined on original images, without normalization. The determination of this "absolute amplitude" is described in detail in Materials and Methods. Given that the total dye concentration was always the same, absolute amplitude should be simply related to the local increase in [Ca 2+ ] cyto . Fig. 5 D plots its histograms in high and low [Ca 2+ ] SR and shows that, as expected, in high [Ca 2+ ] SR , absolute amplitudes were generally higher. Averages were 20.1 (±0.12, n = 3057 events) in low [Ca 2+ ] SR and 27.7 (±0.19, n = 5530) in high [Ca 2+ ] SR , a 38% change. The increases in absolute amplitude paired by fi ber were highly signifi cant (P < 0.05, n = 7). Table II 
D I S C U S S I O N
The present study characterizes for the fi rst time properties of Ca 2+ sparks under variable, directly measured concentrations of free Ca 2+ in the SR. The main outcome is that increased skeletal muscle [Ca 2+ ] SR promotes Ca 2+ sparks, but the magnitude of this effect is less than in heart muscle. The frequency of sparks increased more than proportionally with the change in [Ca 2+ ] SR ; the rise time and spatial width increased only slightly and amplitude increased signifi cantly, provided that the comparison was made without normalizing by resting fl uorescence. Technical constraints limited the achievable range of changes in [Ca 2+ ] SR to a less than twofold increase from the steady level reached in 100 nM [Ca 2+ ] cyto . It is possible that disproportionately greater levels of activation will be reached upon greater increases in SR load, as has been shown for cardiac muscle (Shannon et al., 2000 The effects of increased [Ca 2+ ] SR were measurable, but small in terms of the dispersion of parameter values. Specifi cally, the differences in averages illustrated in Fig. 4 were not signifi cant for any of the variables. Only the paired differences, listed in Table II , were statistically signifi cant, which implies that the variability among fi bers was enough to obscure the effect of [Ca 2+ ] SR . Two quantitative indications of the importance of [Ca 2+ ] SR in determining f are presented with Fig. 6 . In Fig. 6 A series-averaged R was plotted vs. series-averaged f (see Materials and Methods). Fig. 6 B is the joint histogram of f and R for the whole sample of 16415 sparks, with two-dimensional bin frequency represented in color. First order regression lines are plotted in both cases. The regression of the scatter plot (Fig. 6 A) gives equal weight to each series, whereas the regression of the histogram (Fig. 6 B) weights all events equally. In Fig. 6 A, the correlation coeffi cient r is 0.1, which is not different from zero for this sample of 60 value pairs. For the joint histogram, r is 0.24, which is signifi cantly different from zero. The second choice of variables allows a simple decomposition of the variance. The variance of f explained by the dependence on R (i.e., [(f p − f m )] 2 , where f p is the predicted value of frequency according to its linear dependence on R and f m the sample average) was just 5.7% of the total sample variance[(f − f m )] 2 . An equivalent measure of strength of the correlation is given by the coeffi cient of determination r 2 = 0.0576 (e.g., Hill and Lewicki, 2006) .
The present observation of weak effects of [Ca 2+ ] SR on spark properties should be considered together with the fi nding that only a small local depletion occurs during a spark (Launikonis et al., 2006) and that limited depletion occurs after release elicited by an action potential (Pape et al., 1993) . Taken together with these studies, the present results contradict the consensus, emergent in cardiac muscle, that depletion of Ca 2+ mediates termination of sparks. Similarly, the results do not support a role for SR depletion in the fast spontaneous decay of Ca 2+ release observed at the cell-wide level in frog skeletal muscle (Baylor et al., 1983; Melzer et al., 1984; Schneider and Simon, 1988) , a decay believed to refl ect the termination of Ca 2+ release in sparks (Shirokova et al., 1996) .
Previous studies of Ca 2+ release at the whole-cell level found an increase in release permeability induced by membrane voltage as SR load decreased (Pape and Carrier, 1998; Posterino and Lamb, 2003; Pizarro and Ríos, 2004 ), which appears to confl ict with the present observation of greater event frequency at higher load. This divergence in the effects of load is Bin frequency is encoded in color and interpolated for visibility as described by González et al., (2000) . The regression line has slope 5.28 (100 μm) −1 s −1 and intercept 5.35 (100 μm) −1 s −1 . r is 0.24. By weighing every event equally, the regression in B uncovers a positive correlation between the variables. consistent with the conclusion of Lamb et al. (2001) that two forms of Ca 2+ release, that induced by caffeine (a proxy for CICR and its local manifestation in sparks) and that induced by membrane depolarization, have opposite sensitivities to SR load. Taken together, local and global measurements indicate that the enhancement of channel opening by increase in load constitutes a minor factor in the physiological voltage-controlled Ca 2+ release in skeletal muscle.
Control by Lumenal Calcium in Skeletal and Cardiac Muscle
Our largely negative conclusions are in contrast with the consensus in cardiac muscle, in which SR load appears to critically determine spark duration , frequency (Györke et al., 1997) , diastolic leak (Shannon et al., 2000) , and even refractoriness and arrhythmias (Terentyev et al., 2003) . The most striking manifestation of the functional differences between the two muscle types is the dissimilar local depletion associated with sparks: "blinks" that reduce [Ca 2+ ] SR by 54% in cardiac muscle versus "skraps" of <7% in skeletal muscle. Structural features of cardiac muscle, including terminal cisternae of much smaller volume (Brochet et al., 2005; Mobley and Eisenberg, 1975) , containing less quantity (Volpe et al., 1988 ) of a calsequestrin isoform that has a lower binding capacity (Park et al., 2004) , probably explain the functional differences with skeletal muscle.
The mild effects of [Ca 2+ ] SR on frequency and spark morphology result from averaging a majority of cells where the effects were substantial, as in Fig. 2 , together with a few cells in which the changes were nil or negative. The "rogue" effects were reminiscent of an earlier observation of hysteresis in the response to [Ca 2+ ] cyto . The observation, which was made without measuring [Ca 2+ ] SR , was that high [Ca 2+ ] cyto applied early in an experiment increased spark frequency, but the same solution caused the opposite effect if applied later, after passages through solutions of intermediate [Ca 2+ ] (Zhou et al., 2004) . Taken together, hysteresis and variability of the response emphasize that important determinants of channel properties and Ca 2+ release in skeletal muscle remain uncontrolled and unknown. Launikonis et al. (2006) have suggested one likely determinant, the aggregation state of the intra-SR buffer calsequestrin, which has been shown to be sensitive to [Ca 2+ ] and to determine the Ca 2+ binding properties of the protein in aqueous suspensions (Park et al., 2004) .
